Abstract-In this contribution the influence of different broadband OFDM schemes on the perceptual audio quality of narrowband wireless microphone links is evaluated, since coexistence scenarios of wireless microphones and Orthogonal frequencydivision multiplexing (OFDM) based services arise in the TV bands. Therefore, we present different non-contiguous cyclicprefix (CP-)OFDM and offset quadrature amplitude modulation (OQAM-)OFDM system designs based on the spectrum pooling concept. We measure their power suppression in the subchannel allocated for the wireless microphone. As an indicator of the perceptual audio quality, we measure the objective difference grade of a colored noise audio signal emitted over a consumerlike hardware. The measurements show that the non-contiguous OQAM-OFDM scheme not only introduces lower interference to the FM link, but also has the advantage of requiring less number of notched carriers in comparison to CP-OFDM. By application of non-contiguous OQAM-OFDM with an appropriate number of notched carriers instead of the classical CP-OFDM scheme, wireless microphone systems can still sustain a significant low SIR when non-professional hardware is applied.
I. INTRODUCTION
In the past years, regulatory agencies have expedited changes in the regulations to satisfy the increasing demand for spectrum, as current and new customer related services require more bandwidth and reliable access. The most remarkable change was the digitalization of the terrestrial television broadcast (Digital Terrestrial Television -DTT). This opened up a lot of spectrum within the lower UHF bands in the range of 470 to 790 MHz for new services. Due to its good RF propagation, these bands have gained lots of attraction for mobile service providers as well as for last-mile solutions [1] . Another opportunity to use unoccupied TV channels (TV white spaces -TVWS) is to dedicate them to the so-called TVWS devices in the context of spectrum sharing concepts, e.g. dynamic spectrum access (DSA) which is defined within the framework of cognitive radio [1] . Currently, the unoccupied TV channels are used by narrowband program making special event (PMSE) devices, which are operating in a quasilicensed manner. The drawback of this issue is the difficulty in affording coexistence.
For the improvement of coexistence, several approaches are currently investigated. The first one is to switch the TV band used by PMSE devices in case of detecting an interfering system [2] . This scheme is based on interference detection and avoidance before the PMSE system is disturbed. The second approach is to set a beacon in channels containing PMSE devices, which permits the access of any other TVWS devices, as currently considered in the IEEE 802.22 standard [3] . Another promising approach is the concept of spectrum pooling [4] . Therein broadband orthogonal frequency division multiplexing (OFDM) based systems, operating as secondary users, notch the carriers at frequencies currently occupied by primary or licensed user systems. This so-called non-contiguous OFDM (NC-OFDM) system concept can be beneficial in terms of increasing the efficiency in DSA scenarios [5] and thus is the subject of this paper.
The coexistence of two or more systems operating in the same frequency band has been object of several studies. Therein, the out-of-band (OOB) emission of different OFDM schemes and appropriate techniques for their reduction by appropriate pulse designs have been intensively investigated, e.g. in [6] , [7] . Further studies on the performance of coexisting systems concerning the outage probability of the links are conducted on a system level for example in [8] , [9] .
Therefore, in this contribution we focus on the perceptual audio quality of PMSE links influenced by NC-OFDM systems as this is of crucial importance for all PMSE users as well as their vendors. The PMSE user is selected to be a common frequency modulation (FM) based wireless microphone (WM) system, since most of the currently deployed PMSE links are either WMs or in-ear-monitoring solutions using FM. Our objective is mainly to conceptualize the system designs which are necessary to achieve the maximum robustness in terms of perceptual audio quality, transmitted over the WM link, and its validation by measurements. In this study, for secondary user systems intended to coexist with the primary user-like operating WM, we use the classical cyclic-prefix OFDM (CP-OFDM), since most currently applied broadband systems use this modulation scheme, and the offset-QAM OFDM (OQAM-OFDM) scheme proposed for TVWS. Other modulation schemes with good power suppression, e.g. windowed OFDM or OFDM with cancellation carriers, are out of scope as we focus on modulation schemes with comparable spectral efficiency. In [10] and [11] , the issue of DSA in the above mentioned OFDM schemes is described comprehensively. Beside a description of a system for coexistence of WMs with white space devices, [12] presents measurements for the influence of noise like interference imposed to commercially available WMs. To the best knowledge of the authors, a practical evaluation of the impact of NC-OFDM systems, including OQAM-OFDM, on a WM link has not been reported so far. Therefore we evaluate the performance of a WM system in a heterogeneous environment to cover this gap. We present experimental results, which quantify the achievable performance gain by application of the OQAM-OFDM scheme [7] in comparison to CP-OFDM in terms of robustness and achievable throughput.
The remaining of this paper is structured as follows. Section II includes the description of the WM and OFDM systems as well as the deployed analysis algorithm, followed by the specification of the measurement setup in section III. The measurement results are summarized in section IV and the conclusion is presented in section V.
II. SYSTEM DESCRIPTION
This section holds the descriptions of the investigated wireless microphone system and the multi-carrier (MC) broadband interferer systems as well as a description of the applied algorithm, namely perceptual evaluation of audio quality (PEAQ).
A. Wireless Microphone System
The microphone system consists of a unidirectional frequency modulated (FM) link as depicted in Fig. 1 . With the frequency deviation F , carrier frequency f c and the amplitude a 0 the analytic FM signal s(t) is described by
Here, φ 0 is a random initial phase of the carrier and d p (t) is a combination of the audio source signal d in (t) and a pilot tone at the frequency f p having initial phase φ p and the frequency deviation of F p
The function w(·) equates to the compression and preemphasis of the audio source. These operations are usually used in FM systems for increasing the signal-to-noise ratio (SNR) for quiet audio sections and audio frequencies above approximately 1 kHz. as described in [7] with
The audio source signal d in (t) is emulated with colored noise, which is generated by filtering white Gaussian noise with a filter circuit specified by ETSI [13] having the bandwidth B d . By applying Carsons rule for bandwidth estimation of FM schemes the allocated bandwidth B F M of the presented microphone link is approximately 140 kHz, which has been confirmed by measurements (see Table II ) and approximately corresponds to the width of one subcarrier spacing of the OFDM systems specified in Section II-C.
At receiver side the received signal r(t) is filtered, down converted to the intermediate frequency (IF) f IF and afterwards limited to reduce noise, which can be approximated bȳ
where g(t) represents the IF filter impulse response and a lim is the maximum output amplitude of the limiter. The audio signal d out (t) is obtained by demodulation with subsequent expansion and de-emphasis of the limited signalr(t). The main parameters of the WM link are listed in Table I .
B. PEAQ
For the quantitative rating of audio quality, physical, e.g. signal-to-noise ratio, or psychoacoustic, e.g. noise-to-mask ratio [14] , measures can be taken into account. As the perceived auto quality by listeners to PMSE devices is affected by the human ear specific signal processing, this contribution focuses on a psychoacoustic analysis. Therefore we use the PEAQ algorithm, as it provides objective and reproducible results, contrary to the well known but subjective mean opinion score (MOS).
The PEAQ algorithm has been standardized by the ITU [15] and is part of the algorithm group PEXQ, which is used for the objective measurement of the experienced quality of transmitted information. Beside the evaluation of audio quality targeted by PEAQ, the PEXQ group contains algorithms for the objective quantification of speech, video as well as data transfer quality degradations. For the determination of the audio quality degradation, the PEAQ algorithm compares the received and distorted audio signal with the transmitted one Fig. 2 . Concept of WM in an OFDM spectrum pooling scenario [4] by consideration of the human perception. The output of the PEAQ is the so-called objective difference grade (ODG) and ranges from 0, representing imperceptible auditory degradation, up to -4 for very annoying audio quality. For comparison, these values can be mapped linearly to the MOS.
For the calculation of the correct ODG, the received (d out ) and the reference audio signal (d in ) have to be synchronized in time as well as normalized in power. In our investigations this is done by searching the maximum of the cross correlation between both digitized signalŝ
where L c represents the correlation window, followed by a normalization of the power of the received and synchronized audio signal d out [l +τ ] to the power level of the reference signal as below: 
C. Multi-carrier Systems
In this work, two multi-carrier schemes based on the IEEE 802.11a (WiFi) standard [16] are utilized to evaluate the influence on FM based wireless microphone links. Even though conventional WiFi systems are operating in the industrial, scientific and medical (ISM) bands at 2.4 GHz and 5 GHz, respectively, there are several efforts to adopt the system design for usage in the TV white space. Besides the experimental setup of WhiteFi [17] , which is implemented by conversion of common WiFi signals to the UHF band, there are new approaching standards such as IEEE 802.11af and ECMA 392. These standards target at a WiFi-like connectivity for devices operating in TV the band and, from the physical layer point of view, only differ in terms of parameter settings. The systems considered in this work are based on the conventional design using CP-OFDM, as deployed in many commercial systems nowadays, and on the alternative approach of OQAM-OFDM, respectively. A detailed description of both systems with the parameters specified in Table I , including simulated performance curves and a complexity analysis, is provided in [18] . The described designs are enhanced by an adaptive notching capability, which allows the MC signal to avoid the interfered spectrum parts in a circumfluent manner to account for the spectrum pooling concept as depicted in Fig. 2 . This reduces the interference to the WM, which is mainly dependent on the magnitude response of the applied transmission filters, presented in Fig. 3 , and the distance to the first allocated carrier. The discrete-time transmit signal o[n] of a NC-OFDM system can be expressed by
where d i,k describes the complex QAM symbol and the real or imaginary part composing a QAM symbol on carrier index k for the CP-OFDM and OQAM-OFDM scheme, respectively. The index i is the symbol index. T accounts for the different symbol spacing and is specified as T = T for CP-OFDM and T = T /2 for OQAM-OFDM modulation with T equal the complex symbol duration before OQAM mapping. Furthermore, K a specifies the set of not notched data-bearing subchannels out of the complete set of subchannels
kn K with g[n] either being a rectangular window for the CP-OFDM case or with a filter function derived by the frequency sampling technique [7] and the parameters specified in Table I for OQAM-OFDM.
III. MEASUREMENT SETUP
The measurement setup presented in Fig. 4 is used to determine the impact of different NC-OFDM interferer configurations on the perceptual quality of the audio signal. By using a wired setup we are capable of establishing defined and reproducible interference scenarios to the WM system. A reference audio signal is periodically and incessantly transmitted by a Sennheiser SK 2000 body pack transmitter, which has been altered to have a SMA antenna output port connector instead of its antenna. The transmitted FM signal was attenuated by 70 dB to operate close to the FM receiver sensitivity. This emulates a PMSE system which is most vulnerable to any occurring interference. Another advantage of a highly attenuated WM is the possibility to measure the influence of NC-OFDM systems with very good power suppression at the notched carriers. After attenuation the FM signal is fed into a power combiner to add the interfering NC-OFDM signals. Table II contains the measured spectral shaping of the generated FM signal. The NC-OFDM signals are generated by a Matlab implementation and transmitted by an USRP2 equipped with a WBX RF front end, which is capable of transmitting in the range from 50 MHz to 2.2 GHz and behaving similar to customer equipment. The multi-carrier signal strength is reduced by two programmable attenuators, each ranging from 0 dB to 31 dB, and also fed into the power combiner so that we receive an interfered FM signal with a certain interference power level. Thereby, the amplification of the USRP2 is set to 20 dB to get a suitable power level with a limited non-linear operation of the amplifier. Fig. 5 presents sample spectrum plots for a WM as well as OQAM-OFDM and CP-OFDM systems with three notched carriers. The combined signal is then distributed by a power splitter. One output is connected to a real-time spectrum analyzer (RSA), which is used to measure the signal-to-interference ratio (SIR) according to
by deactivating either the WM transmitter or the OFDM system and measuring the power of each signal. Thereby T m is the measurement duration and s(t) and o(t) are defined according to (1) and (6), respectively. The second output is fed into a Sennheiser EM 2050 FM receiver for demodulation. The retrieved audio signal is sampled at a PC and afterwards analyzed by the PEAQ algorithm (basic mode) as described before. We use the PEAQ implementation provided and analyzed in [19] . Due to the filter bandwidth B F of 200 kHz in the FM receiver, the above mentioned SIR measurement between both systems is of less significance, since the filter bandwidth is significantly smaller than the bandwidth of the OFDM systems, so that the measurement results will be mainly dependent on the bandwidth of the OFDM systems. For this reason we introduce the bandwidth independent SIR PSD , which is defined as follows
Here, B 3dB is the 3 dB bandwidth of the OFDM system. Using Eq. (8) we obtain a reference value which can be easily applied for systems with different parameters, only depending on the difference of the average power spectral density (PSD) for the systems under comparison. 
IV. RESULTS AND DISCUSSION
The results presented in this section are obtained by applying the parameters and configuration listed in Table III . This section is divided into two parts. To obtain the audio link quality measure, the power suppression in the subchannel occupied by the WM in dependence of the number of notched carriers is evaluated in the first section. The second part focuses on the influence of the power suppression performance on the perceptual audio quality.
A. Power Suppression
The measurement results of the power suppression are listed in Table IV . It can be seen that notching one carrier provides only a slight power suppression of about 6 dB for both systems. This can be explained by the fact that the main lobes of both OFDM systems are still very strong at the edges of the 200 kHz channels (see Fig. 3 ). In addition, the interference caused by the CP-OFDM system is increased by a significant influence of its first side lobe.
For an increased number of notched carriers, the power suppression of the CP-OFDM system increases only very slowly, since the sinc-function decreases only proportional to 1/(Δf ). Additionally the transmission hardware decreases the notching performance of CP-OFDM slightly up to about 2 dB due to imperfections inherited by the system components.
As indicated by Fig. 3 , the measurement results show that the OQAM-OFDM system performs significantly better than CP-OFDM. There is an increase in power suppression up to 30 dB, which is less than that delivered the simulations. This gain reduction can be assigned to the imperfections and limitations of the used USRP2 and its RF front-end, e.g. amplifier non-linearities and noise figure.
Although limitations of the customer-like hardware significantly degrade the performance of power reduction in the OQAM-OFDM scheme, it still performs about 30 dB better than CP-OFDM if more than one subcarrier is notched. With this result we recommend non-contiguous OQAM-OFDM for application in spectrum pooling scenarios containing FM based PMSE devices, as the influence of an OQAM-OFDM system is considerably lower than for CP-OFDM based systems. 
B. Perceptual Audio Quality
For the PEAQ analysis of the measurement setup we concentrate on the notching of one and three carriers, respectively, since we want to keep the throughput degradation of the OFDM systems as low as possible. Furthermore, the power suppression of the OQAM-OFDM system is limited and the gain in power suppression shows only a marginal increase for more than three notched subcarriers as described before. In the following evaluation we focus on the ODG range of 0 to -2 as these values represent audio quality without any perceptible up to tolerable disturbances. The measurement results are presented in Fig. 6, whereby By notching the subcarrier located at the position of the WM, the robustness gain in SIR PSD is about 3.5 to 5 dB for CP-OFDM and 6 to 8 dB for OQAM-OFDM, although both systems experience an equivalent power suppression. The difference between both systems of about 2 dB can be explained by the spectral shaping of the OFDM systems (see Fig. 3 ) as well as the used FM modulation of the wireless microphone (see Table II ). As the colored noise, which has been used to emulate the audio signal, has the largest power density in the lower frequency parts up to 1 kHz, most of the information is transferred close to the carrier of the FM signal. For the CP-OFDM system the first side lobes of the adjacent carriers have a large power contribution at the center of the FM signal, which decreases the ODG compared to the OQAM-OFDM system. Here, the main power contribution is close to the edge of the FM channel, as the side lobes experience a much larger attenuation compared to the CP-OFDM system. This resistance of the FM signal against interference at the its channel edges is additionally increased by the pre-emphasis applied to the audio signal, which increases the robustness in higher frequencies within the audio signal against distortions. In case of three notched carriers only the magnitude response side lobes of the OFDM systems affect the bandwidth allocated by the WM. Table V contains the values of the SIR PSD gain compared to the continuous OFDM schemes. For OQAM-OFDM the achieved gain values are approximately the same as the power suppression values discussed in section IV-A, slightly depending on the amount of acceptable audio distortions. The gain for CP-OFDM is about 1 to 6 dB less than indicated by the power suppression values of Table IV, since the center of the second side lobe of the magnitude response is at the same position as the center frequency of the WM.
Comparing the performance of contiguous OQAM-OFDM with CP-OFDM, as listed in Table VI , it can be conducted that PMSE devices are about 2 to 4 dB more robust against the OQAM-OFDM system than for CP-OFDM systems. By application of subcarrier notching, the gain in robustness can be increased by 4 to 8 dB for one notched subcarrier and 35 to 39 dB for three notched subcarriers, respectively. In general the robustness is increased by about 44 dB in comparison to the currently applied CP-OFDM schemes and the proposed non-contiguous OQAM-OFDM with three notched carriers.
V. CONCLUSION
In this work, we compared the degradation in perceptible audio quality of a WM link, interfered by different NC-OFDM schemes. We verified by measurements that the spectrum pooling concept can be used to improve the coexistence between wireless microphones, as a part of the PMSE device group, and OFDM based systems. By comparing with contiguous CP-OFDM, the robustness can be improved by approximately 44 dB at comparable perceptual audio quality level by applying the non-contiguous OQAM-OFDM scheme with three carriers notched. In conclusion, the coexistence of narrowband wireless microphones and overlayed broadband multi-carrier systems can be significantly improved and the overall spectral efficiency can be increased.
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